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Abstract 
Hard photon productton was investigated in the system S6Kr + "atNi at 60 A MeV for a wide range of impact parameters. The 
parameters characteristic of hard photon emission such as source velomties, angular distributions and energy spectra were studied 
from peripheral to central collisions. The energy spectrum is seen to be strongly dependent on the centrality of the collision 
reflecting both a static and dynamm omentum distribution of the nucleons inside the collision zone. 
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Since the first measurements of hard photons by 
Beard et al. [ I ] and Grosse et al. [2] a large amount 
of data have been collected on the production of hard 
photons in inclusive heavy-ion collisions. These cover 
a wide range of target-projectile combinations and 
energies between 15 and 124 MeV/u. From the syste- 
matics [ 3 ] it was deduced that the hard photons mainly 
originate from the incoherent superposition of brems- 
strahlung radiation emitted during individual first 
chance neutron-proton collisions within the participant 
zone. A few experiments since have investigated the 
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dependence of the hard photon production mechanism 
on the impact parameter which was elected by either 
the charged particle multiplicity [4,5] or the mass of 
the projectile like fragments (PLF) [6,7]. A strong 
variation of the photon multiplicity was observed with 
the largest multiplicity for the most central collisions 
as suggested by the n-p bremsstrahlung model. Within 
this frame, Riess et al. [6] have used the photon mul- 
tiplicity to determine impact parameter. 
The exclusive measurements al o demonstrated that 
the photon energy spectrum depends on the impact 
parameter, whereby softer spectra were observed for 
the more peripheral collisions. This dependence is con- 
sistent with the fact that the energy available in the N-  
N center-of-mass system for the production of a photon 
is provided by the beam velocity and the velocity due 
to the Fermi motion of the two nucleons, so at bom- 
barding energies close to the Fermi energy (=40 
MeV) the hardness of the energy spectrum reflects the 
momentum distribution of the nucleons within the col- 
lision zone. It should be noted, however, that for the 
central collisions studied so far [4,5] the charged par- 
ticle multiphcity could only be used qualitatively to 
identify non-peripheral reactions. 
In this paper we report on an investigation of hard 
photon production with an improved identification of 
peripheral and central reaction channels, and therefore 
with a better impact parameter selection. We find that 
the photon spectrum changes appreciably with the 
impact parameter. By comparing with theoretical mod- 
els we conclude that the shape of the photon spectrum 
depends not nly on the intrinsic momentum distribu- 
tion but also n the dynamics of the reaction. 
The data were taken for the 86Kr "~ natNi reaction at 
60 A MeV with a 86Kr beam delivered by the GANIL 
accelerators with an average intensity of 12 enA. The 
total accumulated beam was 8.1 × l014 particles. The 
nickel target was 11.89 mg/cm 2thick. Peripheral reac- 
tions were selected by the masses of the PLF's which 
were detected and identified with a Z and A resolution 
of 0.4 and 0.8 units FWHM, respectively, with the 
energy-loss magnetic spectrometer SPEG [ 8] placed 
at 0 °. The angular ange covered by SPEG in the hor- 
izontal plane was between - 0.4 ° and + 0.4 ° and the 
momentum acceptance (Ap /p)  was 7%. For central 
collisions use was made of the multiplicity of the 
charged particles detected in the KVI hodoscope [9] 
consisting of 60 phoswich detectors positioned m the 
vacuum chamber in front of the spectrometer and cov- 
ering an angular range in the laboratory system between 
3.5 ° and 23.0 ° . 
The angular distributions and energy spectra for pho- 
tons were measured with the TAPS photon spectrom- 
eter [ 10] consisting of 5 square blocks of64 hexagonal 
BaFz detectors each, positioned around the target at an 
average distance of 62 cm. The array covered a solid 
angle of ~ 17% of 47r, spanning in the laboratory sys- 
tem a nearly continuous angular ange between 35 ° 
and 165 ° . For the tagging of charged particles each 
BaF2 detector was equipped with a plastic detector 
(CPV) in front of it. Neutrons and the remaining 
charged particles were rejected by their characteristic 
pulse shape in the BaF 2 and their time-of-flight with an 
ultimate time resolution of 600 ps including the spread 
of 550 ps in the time structure of the beam bursts, Any 
remaining contamination of the photon events due to 
improperly identified hardons was negligible. Cosmic- 
ray induced events were identified and rejected with a 
trace recogmtion algorithm. Before and after the exper- 
iment the BaF z detectors were calibrated using ~/-ray 
sources with energies up to 4.4 MeV and the 38.5 MeV 
mean energy deposited by minimum-ionizing cosmic- 
ray muons. The cosmic-ray events were recorded ur- 
ing the experiment (including beam-off periods) and 
served as a gain monitor. From the 7r ° measured invar- 
iant mass distribution we have estimated that for 50 
MeV photons the final energy resolution (AE /E )  was 
5% and the angular esolution (AO) 1 ° 
The inclusive photon production was analyzed 
assuming an exponential energy spectrum character- 
ized by the inverse slope parameter Eo and the angular 
distrthution to be isotropic with a dipolar contribution 
characterized bythe parameter ct. The photon emission 
was assumed to take place in a rest frame moving at 
velocity fls. The double differential cross section thus 
has the following form in the laboratory frame [4] : 
- 1 - a + ~ _'--:;--/exp - , (1) 
with 
Z = ~/s( 1 - fls cos 0) . 
The fit of expression (1) to our data has been performed 
for photons with energies larger than 30 MeV. The 
results are summarized in Table 1. The slope parameter 
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Table 1 
Parameters characterizing the inclusive hard photon ( Ev>~ 30 MeV) production i the reaction a6Kr + "tNi at 60 MeV/u assuming an exponentml 
energy spectrum and an lsotropm + dipolar angular dlstnbutmn for a moving source 
(~b sr-t  MeV- 1) (rob) ( × lO -4) (MeV) 
71(4) 3 6(0 2) 1.20(0.03) 0 15(0 06) 19.4(0 4) 0 176(0.007) 
The slope parameter Eo has been corrected for the detector response. 
Eo has been corrected for the detector response. The 
photon source velocity,/3s =0.176 _ 0.007, is compat- 
ible with the velocity of the N-N center-of-mass, 
/3~N=0.177. Neutral pions were identified by means 
of the T-'¢ invariant mass, with a resolution of 13% 
FWHM. From the ~o production we deduce that the 
contribution to hard photon production of single pho- 
tons stemming from 7r ° decay was only 1.3% of the 
total yield. The measured photon cross section, 
o-v = 3.6 +0.2 mb, is in general agreement with the 
scaling law on the photon production excitation func- 
tion [ 3 ]. The inclusive probability to produce aphoton 
with energy larger than 30 MeV per neutron-proton 
collision, P'"~ is given by A, ,  t, , 
Mmcl m O'V =/ IV  ~plncl 
T \ "  "pn / - - " /  
o- R 
= (Npn)  Po exp(  - 30/E~) ncl) , (2 )  
where o- R = 4.4 b is the geometrical reaction cross sec- 
tion and (Np,) = 7.0 the number of proton-neutron par- 
ticipants averaged over the impact parameter and 
calculated using the geometrical model of Ref. [ l 1 ]. 
The exclusive photon data were analyzed as a func- 
tion of the charged particle multiplicity, Mc~, measured 
in the hodoscope and as a function of the mass of the 
projectile fragment, AeLF. Fig. 1 shows the measured 
photons multiplicity, as a function of Mce and ApLF. 
Considering Eq. (2) one can calculate for a given 
multiplicity, M e'~ the number of participants, as sug- 
gested in Ref. [6], 
/~[exc l  
Np. (b )  = " ' -v  pexcl , (3) 
- -h '  
where P.~] is parametrized by 
p.~l =Po exp( - 30/E~ ~j) , (4) 
and Po is deduced from the inclusive measurement 
according to Eq. (2). Using the geometrical model of 
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Fig. 1 Photon multlpllcity spectra measured in the reacnon 
S~Kr+ "a'Ni at 60 MeV/u and plotted as a function of (a) the pro- 
jectile-like fragment mass (open squares for SPEG dgldity at 85% 
Bp and closed squares for SPEG rigidity at 90% Bp) and (b) the 
charged particle multiplicity 
Ref. [6], the correspondence of the Npn with impact 
parameter can be made. 
However, rather than relying on this model we pres- 
ent our results as a function ofM.~ x~. For reference, the 
impact parameter scale given by Eq. (3) and Ref. [6] 
has been added in Figs. 1 and 2. As observed in the 
figures our reaction channel covers the full range of 
impact parameters in fine steps. With the horizontal 
~,  10 "1 
~..~" 10 .~ 
40 60 80 100 120 140 160 
EC~n NN (Met/) 
Fig 2. Hard photon energy spectrum calculated m the NN center of 
mass measured mthe reaction S6Kr + natNl at 60 MeV/u for Mo,= 5 
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"errors" bars the range of impact parameter m which 
a reaction channel occurs has been estimated from the 
abrasion-ablation model [ 12] for fragment production 
and FREESCO [ 13] for light charged particle produc- 
tion. 
To study the evolution of the properties of the hard 
photon production we have constructed for each 
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Fig 3 Hard photon source v locity (a) and amsotropy factor (b) 
as a function of the photon multiplicity measured in the reaction 
S6Kr + "atNl at 60 MeV/u The associated impact parameters are also 
indicated on the top and bottom scales of the figure The triangles 
indicate data selected with the charged particle multlphclty, the open 
squares (SPEG at 85% Bp) and closed squares (SPEG at 90% Bp) 
indicate data selected using the mass of the PLF The hatched area 
marks one standard deviation The horizontal error bars m&cate the 
estimated resolution on the ~mpact parameter 
energy spectrum from the corresponding set of photon 
data. A typical energy spectrum measured in coinci- 
dence with Mcp= 5 is shown in Fig. 2. We have 
assumed that the gross properties of the photon pro- 
duction remain the same and have analyzed the data 
according to Eq. ( 1 ). The deduced values for the source 
velocity,/3s, and the anisotropy factor, ct, are plotted 
in Figs. 3a and 3b respectively as a function of the 
photon multiplicity, i.e. the impact parameter. No sys- 
tematic variation with the impact parameter is found 
and the source velocities are consistent with the 
nucleon-nucleon center-of-mass velocity within one 
standard eviation (hatched area). The anisotropy fac- 
tor is also seen to be constant over the range of impact 
parameters probed. This result indicates that he mech- 
anism of hard photon production via bremsstrahlung 
from indivtdual first chance neutron-proton collisions 
does not change with the centrality of the collision. In 
particular there ts no indication for either photon emis- 
sion from a thermalysed region which would yield a 
veloctty mtermediate b tween/3NN and the velocity of 
the nucleus-nucleus center of mass, /3AA = 0.22. Our 
collaboration has found evidence for such a component 
in a more asymmetric system and at higher energies 
(36At + 197Au at 95 A MeV) [ 14]. 
The slope parameter, Eo, corrected for the detector 
response is plotted versus the photon multiplicity 
(impact parameter) in Fig. 4. One observes a strong 
decrease (27%) when one goes from central collisions 
to peripheral ones. This observation is in agreement 
with results reported earlier [4,5,15] where, however, 
because of the crude impact parameter selection, itwas 
not possible to observe a detailed ependence. In our 
data we observe that the hardness of the photon spec- 
trum decreases slowly from the most central collisions 
to 5-6 fm, that is as long as projectile and target overlap 
more than 50%. For larger impact parameters (b > 5- 
6 fro) the energy spectrum becomes rapidly softer (Eo 
decreases) moving to peripheral collisions when the 
contribution from nucleons on the surface becomes 
predominant. Smce in the neutron-proton bremsstrah- 
lung model the photon energy spectrum reflects the 
momentum distributton of the nucleons within the par- 
ticipant zone, the observed change in the shape of the 
energy spectrum can result from two factors. The first 
one, which we call static, reflects the density distribu- 
tion of the nucleons inside the nucleus which decreases 
when one moves from the interior to the surface of the 
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Fig. 4. Variatton of the slope parameter of the hard photon spectra 
with photon multiplicity and tmpact parameter as measured m the 
reaction 86Kr+ natNl at 60 MeV/u Symbols are the same as m Fig 
3 The horizontal error bars indicate the width of the impact parameter 
bin. The solid line is the result of a BUU calculation £he dashed 
line is obtained from a BUU calculation by switching off the density 
variation m the nucleus and the dotted line isobtained by considering 
this density variation only. 
nucleus. The second factor, the dynamic one, would be 
due to the dynamics of the collision on the momentum 
distribution of the nucleons inside the projectile-target 
overlap zone. The solid line in Fig. 4 shows the result 
of a BUU simulation [ 16] using the photon cross sec- 
tion parameterization f Ref. [ 17] for photons pro- 
duced during the first 70 fm/c of the reaction. The 
calculation reproduces the observed behavior of Eo. To 
establish the origin of the observed Eo dependence we 
have performed two more calculations. For the first one 
we have chosen as the initial momenta of the nucleons 
in the target and the projectile the Fermi momentum 
( 1.36 fm- 1) instead of using the local density approx- 
imation. The result is shown by the dashed line in 
Fig. 4. 
The second calculation assumes that all nucleons in 
the overlap zone collide once with the momentum dis- 
tribution as in BUU at initialization, with the projectile 
nucleons boosted by the beam velocity. The results is 
shown as the dotted line in Fig. 4. One observes that 
only the dynamical calculation can reproduce the meas- 
ured variation f the slope. Therefore the photon spec- 
trum is also sensitive to the dynamical momentum 
distribution which is related to the compression atthe 
beginning of the collision. If one also considers thermal 
photons [3] produced in a latter stage of the collision 
(up to 150 fm/c) Eo is reduced by about 5%, which 
falls below the data. This observation confirms that 
photons from a thermalyzed region produced in the 
later stage of the collision do not contribute signifi- 
cantly. 
In conclusion, we have investigated the properties 
of hard-photon production as a function of photon mul- 
tiplicity (impact parameter). We have shown that 
almost he entire range of impact parameters can be 
selected in fine steps using the charged particle multi- 
plicity measured in the forward direction and the mass 
and velocity of the projectile-like fragments. This tech- 
nique is based on the strong correlation between these 
observables and the photon multiplicity which scales 
in the p--n bremsstrahlung model with impact parame- 
ter. We have then demonstrated that in the reaction 
86Kr + "a~ql at 60 A MeV the mechanism of hard-pho- 
ton production does not change with the centrality of 
the collision. 
Finally, we have shown that the more central reac- 
tions lead to harder photon spectra nd that a significant 
variation m the slope parameter occurs at large impact 
parameters where the nucleus surface b comes the 
main participant in the collision. According to model 
calculations this effect reflects both the lower density 
on the surface of the nuclez and the higher densities 
reached uring the reaction. 
We wish to thank our colleagues at Oak Ridge 
National Laboratory, J.R. Beene, P. Mueller and R. 
Varner for their help in setting up the experiment. We 
also thank the members of the technical staff of the 
Grand Acc616rateur National d'Ions Lourds (GANIL) 
for their help and the delivery of the high quality beam 
required for our measurements and the Bordeaux target 
laboratory for producing the Ni targets. We gratefully 
acknowledge N. Orr for a careful reading of the manu- 
scrtpt. This work was in part supported by the DGICYT 
Research Project PB90-091 (Spain), IN2P3 (France), 
FOM (The Netherlands) and BMFT (Germany). We 
thank Gy. Wolf for helpful discussions and for making 
his code available to us. 
28 G. Martfnez et al / Phystcs Letters B 334 (1994) 23-28 
References 
[ 1 ] K B. Beard et al., Phys. Rev C 32 (1985) 1111 
[21 E. Grosse t al, Europhys Lett 2 (1986) 9. 
[3] W. Casslng et al., Phys. Rep 188 (1990) 365; 
H. Nifenecker and J A Pinston, Prog Part Nucl. Phys. 23 
(1989) 271. 
[4] M. Kwato et al., Nucl Phys A 489 (1988) 368 
[5] LG Sobotka et al, Phys. Rev C 44 (1991) R2257, C 46 
(1992) 819 (E); 
T. Reposeur et al, Phys Lett. B 276 (1993) 418, 
E Migneco et al, Phys. Lett B 298 (1993) 46 
[6] S R~essetal.,Phys Rev Lett 69 (1992)1504. 
[7] R. Hmgmann et al., Phys. Rev Lett 58 (1987) 759 
[8] L Blancht et al, Nucl Instrum. Methods A 276 (1989) 509. 
[91 H K W. Leegte t al., Nucl. Instrum. Methods A 313 (1992) 
26, 33 (1993) 
110] R Novotny, IEEE Trans. Nucl. Sc 38-2 (1991) 379. 
[111 H Nifenecker and J P Bondorf, Nucl. Phys A 442 (1985) 
478. 
1121 J.J Gaimard and K-H. Schmidt, Nucl. Phys A 531 (1991) 
709 
[131 G. Fal and J Randrup, Comput. Phys. Commun. 42 (1986) 
385 
[ 141 A. Schubert et al, Phys Rev. Lett 72 (1994) 1608. 
[ 15 ] G Martfnez et al, Nouvelles du GANIL 44 (1993) 43 
[16] G. Wolfet al.,Nucl Phys A552 (1993) 559 
1171 M. Schafer et al, Z Phys. A 339 ( 1991 ) 391. 
[ 18] M Marqu6s, Nouvelles du GANIL 45 (1993) 45 
